Rationale The birth of neurons, their migration to appropriate positions in the brain, and their establishment of the proper synaptic contacts happen predominately during the prenatal period. Environmental stressors during gestation can exert a major impact on brain development and thereby contribute to the pathogenesis of neuropsychiatric illnesses, such as depression and psychotic disorders including schizophrenia. Objective The objectives here are to present recent preclinical studies of the impact of prenatal exposure to gestational stressors on the developing fetal brain and discuss their relevance to the neurobiological basis of mental illness. The focus is on maternal immune activation, psychological stresses, and malnutrition, due to the abundant clinical literature supporting their role in the etiology of neuropsychiatric illnesses. Results Prenatal maternal immune activation, viral infection, unpredictable psychological stress, and malnutrition all appear to foster the development of behavioral abnormalities in exposed offspring that may be relevant to the symptom domains of schizophrenia and psychosis, including sensorimotor gating, information processing, cognition, social function, and subcortical hyperdopaminergia. Depression-related phenotypes, such as learned helplessness or anxiety, are also observed in some model systems. These changes appear to be mediated by the presence of proinflammatory cytokines and/or corticosteroids in the fetal compartment that alter the development the neuroanatomical substrates involved in these behaviors.
Introduction
Fetal development takes place in a privileged environment in the mother's body, behind the placental barrier. The placenta is both a structural and a chemical barrier, which insulates the developing fetus from any adversity that might arise in the maternal environment. In situations where the maternal environment is experiencing extreme challenge, however, the placental barrier can become compromised, thereby exposing the developing fetal brain to maternally derived substances, such as cytokines or stress hormones (Mueller and Bale 2008; Seckl 2004; Welberg et al. 2000) . Brain development is a delicately choreographed sequence of overlapping events in which timing is crucial, and any deviation from this pattern has the potential to lead to inappropriately timed neuronal birth, migration, and/or synaptogenesis, and ultimately, to miswiring and significant compromises in the function of the brain. Evidence for each of these putative developmental impairments has been identified upon inspection of postmortem human brain samples obtained from individuals afflicted with neuropsychiatric disorders, such as schizophrenia, depression, and bipolar disorder, which supports the neurodevelopmental origin of these common neuropsychiatric disorders (Jaaro-Peled et al. 2009; Lewis and Levitt 2002; Rapoport et al. 2005; Talge et al. 2007) . In this review, we will summarize data from experimental animal studies that reveal the powerful effects that several prominent prenatal stressors have on fetal brain development, their behavioral and neural consequences, and the relevance of these findings to modeling psychotic and depressive illnesses in rodent preparations. Due to space limitations, an exhaustive review of this literature is not possible; but, we hope to provide readers with an overview of several important and relevant research fields.
Maternal immune activation during gestation
Maternal infection during pregnancy has been consistently associated with an increased risk of schizophrenia in the offspring (reviewed by Brown and Susser 2002) . This association has been found for numerous infectious agents, including rubella, influenza, herpes simplex, toxoplasma gondii, measles, polio, and genital and/or reproductive infections (see . A mechanism common to the immune response associated with these and other infections is the stimulated release of inflammatory cytokines. In fact, elevation of maternal cytokine levels during the second trimester has been found for mothers whose children later developed schizophrenia . Immunological abnormalities, including, most notably, cytokine imbalances, have also been characterized for individuals with schizophrenia themselves (Muller et al. 2000) .
It is less clear whether immune activation during pregnancy increases offspring's risk for developing mood disorders. Several studies have reported a link between maternal immune activation and immune development of offspring; for instance, an elevation of circulating cytokines occurs in adult women whose mothers experienced psychosocial stress during pregnancy (Entringer et al. 2008) , and maternal depressive symptoms during the second trimester of pregnancy can impact neonatal immune function (Mattes et al. 2009 ). Because it is well established that elevated cytokines are associated with both psychosocial stress and depressive symptoms in adults (Christian et al. 2009 ), such epidemiological studies hint at a potential relationship between maternal immune function and the development of depression in offspring; but, to date, they have fallen short of establishing one. Recently, a large study in the UK that included more than 6,000 subjects failed to find any association between prenatal viral infection and nonpsychotic depression later in life (Pang et al. 2009 ).
Animal models of immune challenge use different immunogenic agents, but are all designed to induce a cytokine-associated inflammatory response in the mothers, which, in turn, results in increased levels of inflammatory cytokines in the fetal environment-sometimes including the fetal brain, though not always (Ashdown et al. 2006; Gayle et al. 2004; Liverman et al. 2006; Urakubo et al. 2001) . Cytokines such as interleukin-1, interleukin-6, and tumor necrosis factor-alpha, in addition to their roles in the immune system, have been shown to impact numerous aspects of brain development including neuronal apoptosis, differentiation, and morphology (e.g., Gilmore et al. 2004; Jarskog et al. 1997; Yang et al. 2002) . Maternal immune activation models of psychiatric illness have generally been conducted in rats and mice, with some differences in findings between the two species. Bacterial endotoxin [LPS (lipopolysaccharides)] as well as viral (human influenza) and viral mimic (poly I:C) agents have all been employed to stimulate the maternal immune system and will be discussed separately here. A major hypothesis common to these models is that elevated in utero exposure to cytokines adversely impacts fetal brain development, resulting in the development of neurobehavioral phenotypes characteristic of mental illness.
Although a wealth of promising data has been published in support of the prenatal immune activation hypothesis of psychiatric illness, several caveats must be kept in mind when interpreting the results generated with these models. In addition to inducing cytokine production, immune activation in rodents (as in humans) is associated with fever and anorexia-induced weight loss (Hopwood et al. 2009 ), leaving open the possibility that the in utero metabolic needs of offspring may be significantly (although transiently) compromised in these models. This is not a trivial point, as both prenatal malnutrition and prenatal hyperthermia adversely affect fetal brain development and have themselves been advanced as preclinical models of schizophrenia (Hopwood et al. 2009; Palmer et al. 2004 Palmer et al. , 2008 ) (see below). Additionally, immune activation during pregnancy can lead to reduced placental blood flow and impaired oxygen delivery to the fetal brain (Dalitz et al. 2003) . Hypoxia is known to significantly and negatively impact fetal brain development, and while cytokine release can result from oxygen deprivation, injury to the brain is also caused through non-cytokine mediated mechanisms, including creation of reactive oxygen species (ROS) and excitotoxic cell death (Forder and Tymianski 2009; Rees et al. 2008 ). Finally, a crucial component of the immune response is activation of the hypothalamic-pituitary-adrenal (HPA) axis, which results in increased glucocorticoid release. As discussed below, glucocorticoids can also readily cross the placenta to directly impact neural development. At least one study has shown that maternal immune activation can result in fetal stress axis activation that is not accompanied by increases in cytokines within the fetal brain (Gayle et al. 2004) . Although this study did not examine the behavioral profile of animals exposed to the particular dose/timing of immune activation it used (studies vary widely in this regard), it does suggest that studies that fail to confirm cytokine activation in fetal brain tissue following the specific dose/timing regimen used could be misattributing the neurobehavioral effects of immunestimulated fetal stress activation to direct effects of cytokines. With few exceptions to date, studies of immune challenge models of psychiatric illness have focused on the impact of inflammatory cytokines, without disentangling it from the impact of these other factors.
Lipopolysaccharides
LPS are large molecules consisting of a lipid joined to a polysaccharide by a covalent bond, which are found in the outer membrane of Gram-negative bacteria. LPS act as endotoxins (i.e., structural rather than soluble components of bacteria that are released primarily when the bacteria are lysed) to evoke a powerful immune response. LPS challenge causes inflammation due to secretion of inflammatory cytokines by immune cells, particularly macrophages, and results in the development of a fever as well as weight loss in the exposed animal. Systemic LPS administration stimulates both peripheral cytokine release (Wright et al. 1990 ) and central cytokine expression (Quan et al. 1999) . The available evidence suggests that, when administered systemically to pregnant animals, LPS can be detected in both maternal tissues and the placenta, but not in the fetus itself (Ashdown et al. 2006) , indicating that effects of maternal LPS exposure on the fetal brain are not the result of direct action of LPS, but by proxy factors such as elevated cytokines and/or glucocorticoids.
Rats born to mothers who were administered systemic LPS during gestation show a number of phenotypes relevant to schizophrenia as adults. Most, though not all, studies indicate that these animals show impaired sensory gating as measured by prepulse inhibition (PPI) of the acoustic startle reflex (Borrell et al. 2002; Fortier et al. 2004 Fortier et al. , 2007 Romero et al. 2007) . They also show increases in serum cytokines (Borrell et al. 2002; Romero et al. 2007) and corticosterone (Romero et al. 2008) . The PPI deficit is more pronounced and develops earlier in males than females (Borrell et al. 2002; Romero et al. 2008 ). This behavioral abnormality, along with the increase in serum cytokines, can be ameliorated by adult treatment with the typical (first generation) antipsychotic haloperidol (Borrell et al. 2002; Romero et al. 2007 ). Animals exposed to prenatal LPS also show increased psychostimulant-induced locomotion (Fortier et al. 2004) . Behavioral hyperresponsivity to amphetamine, which increases brain dopamine levels, is relevant to psychosis and schizophrenia in part because antipsychotic drugs work by blocking dopamine D 2 receptors. Adult males (but not females) exposed to prenatal LPS also have a higher dopamine concentration in the nucleus accumbens, a brain area integral to the brain's reward system (Borrell et al. 2002; Romero et al. 2008 ), which appears to be dysfunctional in schizophrenia (Gold et al. 2008) . All of these studies employed systemic administration of LPS during the prenatal time period, but in a recent study, O'Donnell and colleagues examined the effects of LPS when delivered directly into the developing ventral hippocampus. They delivered LPS during the neonatal period, since, in rodents, this time period roughly corresponds to the third trimester of human pregnancy, and found that neonatal intrahippocampal LPS resulted in a persistent elevation of cytokines in several brain regions as well as impaired PPI, and prevented the peri-adolescent maturation of the response of prefrontal cortical fast-spiking interneurons to dopamine (Feleder et al. 2010 ). This study makes it clear that immune challenge during early life, even when delivered just to the hippocampus, can impact periadolescent development of the prefrontal cortex and result in schizophrenia-like behavioral and neural phenotypes during adulthood.
Animals whose mothers were exposed to LPS during gestation also exhibit some behaviors relevant to major affective disorders such as depression and anxiety. For instance, adult mice exposed to prenatal LPS show signs of heightened anxiety on standard rodent tests of anxiety such as the elevated plus maze (Hava et al. 2006 ). In the same study, LPS exposure was associated with reduced locomotor activity during social interaction, perhaps due to increased anxiety or fearfulness (Hava et al. 2006) . Additionally, there is evidence that these animals show an enhanced acoustic startle response, which can be indicative of heightened anxiety (Fortier et al. 2004) , although not all studies replicate this finding (Borrell et al. 2002) .
In addition to behavioral abnormalities, the course of brain development is also altered as a consequence of prenatal exposure to LPS. For instance, there are agedependent alterations in expression of synaptophysin (a synaptic vesicle membrane protein) and GSK-3 β (part of the Wnt signaling pathway) in the frontal cortex (Romero et al. 2008 ), a primary location of dysfunction in both schizophrenia and depression (Koenigs and Grafman 2009; Lewis and Sweet 2009) . Similar to what is observed in schizophrenia (Broadbelt et al. 2002) , animals exposed to prenatal LPS show disrupted dendritic development in the medial prefrontal cortex (Baharnoori et al. 2009 ). Both dendritic development and synaptic transmission in CA1 of hippocampus are also impacted by prenatal LPS exposure; functional alterations include heightened excitability of pyramidal neurons and impaired short-term (but not longterm) plasticity (Baharnoori et al. 2009; Lowe et al. 2008) . Additionally, prenatal LPS exposure results in the reduced survival of newly born hippocampal cells during postnatal development (Cui et al. 2009 ). Interestingly, this last phenotype is not prevented by concurrent prenatal administration of ibuprofen (although it did prevent fever in the pregnant dam), suggesting that LPS-induced deficits in neurogenesis are not mediated by LPS-induced fever (Cui et al. 2009 ). These findings are important because pathology in the prefrontal cortex and hippocampus is considered critical for the clinical abnormalities observed in schizophrenia (Lewis and Sweet 2009) .
Influenza virus
The impact of prenatal human influenza virus exposure on the neonatal brain has been studied extensively. In these studies, a sublethal dose of the virus was delivered via intranasal inoculation to pregnant mice (typically on day 9 of gestation, but sometimes later). Unlike other maternal immune activation paradigms, this one does not result in fever, though inoculated animals do exhibit common sickness behaviors including lethargy, sleepiness, ruffled fur, and lack of grooming (Sidwell et al. 1986 ). Although complete loss of pregnancy is uncommon in this paradigm, loss of some pups is inferred from the fact that the average litter size of influenza-infected dams is about 50% that of sham-infected dams (Shi et al. 2003) .
Prenatal influenza infection results in a variety of behavioral phenotypes in mice that may be relevant to human psychiatric illness. Adult mice exposed to prenatal influenza infection show impaired sensory gating as measured by PPI (Shi et al. 2003) . As in schizophrenia, the PPI deficit can be worsened by the N-methyl-D-aspartic acid (NMDA) receptor antagonist ketamine, and ameliorated with antipsychotic drug treatment (Shi et al. 2003; Swerdlow et al. 2006) . Prenatal influenza exposure also affects social behavior in adult mice; exposed animals show a nearly threefold reduction in the number of contacts made with a novel conspecific (Shi et al. 2003) . This effect may be due to reduced interest in social contact, as in schizophrenia, or a state of anxiety, as in affective disorders-indeed, adult mice exposed to prenatal influenza infection fail to display normal novelty-induced exploration in an open field and take almost twice as long as control mice to initiate investigation of a novel object; both measures likely reflect a state of heightened anxiety (Shi et al. 2003) .
Prenatal influenza infection alters the development of the cerebral cortex and hippocampus, which are dysfunctional in both schizophrenia and depression. In both these areas, prenatal exposure to influenza causes a dramatic reduction in Reelin expression (Fatemi et al. 1999) , similar to what is observed in postmortem tissue from schizophrenic patients (Guidotti et al. 2000) . Early in brain development, during the embryonic stage, Reelin is first expressed by the transient GABAergic Cajal-Retzius neurons and is crucial for establishing neocortical and allocortical laminar structure (Ogawa et al. 1995) . Beyond this stage and continuing into adulthood, Reelin appears to play a role in synaptic plasticity, as it is released by gamma-amino-butyric acid (GABA) containing interneurons and binds to integrin receptors located in postsynaptic densities on dendritic spines (Pesold et al. 1998) . So, reduced Reelin may be involved in the reduction in synapses and dendrites that have been observed in schizophrenia, which are reflected in increased packing density of pyramidal neurons and reduced cortical thickness and hippocampal volume (Broadbelt et al. 2002; Glantz and Lewis 2000; Selemon et al. 1998; Steen et al. 2006) . Interestingly, mice exposed to prenatal influenza also show increased pyramidal neuron density into adulthood and reduced cortical and hippocampal thickness, at least at birth (Fatemi et al. 1999 (Fatemi et al. , 2002a .
Numerous genes show altered expression-some upregulated, some downregulated-in the brains of animals exposed to prenatal influenza virus, especially when the infection occurs at a point in gestation that corresponds to mid-second trimester in humans; some show continued disruption into adulthood (Fatemi et al. 1998 (Fatemi et al. , 2000 (Fatemi et al. , 2005 (Fatemi et al. , 2008a (Fatemi et al. , b, 2009 ). Expression of neuronal nitric oxide is greatly increased in the hippocampus, especially in the dentate gyrus, of neonatal mice prenatally exposed to influenza, perhaps indicative of enhanced vulnerability to excitotoxic cell death (Fatemi et al. 1998) . In tissue homogenates from the rostral brain (which would presumably include the frontal cortex but not the hippocampus), prenatal influenza infection induces an increase in neuronal nitric oxide synthase only prior to adolescence, but a decrease is actually observed at adulthood (Fatemi et al. 2000) . Also notably affected are some major components of myelin, including myelin basic protein (MBP), proteolipid protein (PLP), myelin-associated glycoprotein (MAG), and myelin oligodendrocyte protein (MOG; Fatemi et al. 2005 Fatemi et al. , 2009 . Not surprisingly, given these findings, abnormal measures of fractional anisotropy (a diffusion tensor imaging measure indicating degree of myelination) are also found in these animals, with the direction of change being fiber tract-specific and age-dependent (Fatemi et al. 2008a (Fatemi et al. , 2009 . Of significant interest is that reductions in brain MBP, PLP, MAG, and MOG have each also been reported to occur in schizophrenia, bipolar disorder, and major depression, in addition to reduced fractional anisotropy (reviewed by Sokolov 2007) . Axonal loss and/or reduced myelination (both of which would be reflected by reduced fractional anisotropy) could significantly contribute to the cognitive deficits observed in each of these illnesses (Dwork et al. 2007; Fields 2008) .
Examination of monoamine neurotransmitters has revealed some effects of prenatal influenza infection. One limitation of this literature is that, to date, neurotransmitter levels have only been evaluated in the cerebellum. Serotonin levels are reduced in the cerebellum at adolescence, although this effect does not persist to adulthood, whereas levels of serotonin's primary metabolite 5-hydroxyindoleacetic acid (5-HIAA) are reduced from birth until postnatal day 14 (Winter et al. 2008) . In contrast, cerebellar levels of dopamine and its metabolite 3,4-dihydroxyphenylacetic acid (DOPAC), as well as GABA, glutamate, and glutamine all appear indistinguishable from controls at multiple postnatal ages from birth through adulthood (Winter et al. 2008) . Because the mechanism of action for most antidepressant medications is to increase the levels of serotonin in the brain, the neurochemical profile of animals prenatally exposed to the influenza virus suggests these animals may model aspects of depression. It remains to be seen whether these patterns hold for areas known to show alterations in these neurotransmitters in psychiatric illness, such as the cerebral cortex.
With the exception of the neurochemical findings, which appear more relevant to depression, the evidence discussed above appears encouraging for a link between prenatal influenza exposure and neurodevelopmental alterations that could be relevant to schizophrenia. There are some discrepancies, however, between what is found in animals following prenatal infection with the influenza virus and what is observed in schizophrenia. One major difference is that prenatal influenza exposure causes reactive gliosis, a common response of the brain to injury, which is evident at birth and continues at least until adolescence; increased density of cells expressing the astrocyte-specific marker glial fibrillary acidic protein (GFAP) is observed, as well as hypertrophy of individual GFAP immunoreactive cells (Fatemi et al. 2002b ). These findings are problematic because there is no evidence of reactive gliosis in schizophrenia (Falkai et al. 1999) . Additionally, expression of GAD 65 and GAD 67 is apparently increased in the brain as a consequence of prenatal influenza infection (Fatemi et al. 2004) . In contrast, a widespread reduction in GAD 67 is among one of the most replicable findings in schizophrenia (e.g., Akbarian et al. 1995; Guidotti et al. 2000; Hashimoto et al. 2008) .
Finally, mice exposed to prenatal influenza fail to consistently show either the reduction in whole brain volume or the increase in ventricular volume that is observed in individuals with schizophrenia, even firstepisode patients (Steen et al. 2006) . Inoculation with the virus at murine embryonic day 9 (E9)-the paradigm that has generated the majority of the findings-actually results in macrocephaly and decreased ventricular volume at adulthood (Fatemi et al. 2002a) . Inoculation with the virus later in embryonic development can result in increased juvenile brain volume (Fatemi et al. 2008b (Fatemi et al. , 2009 ), but even after inoculation at E18, ventricular volume is not reduced (Fatemi et al. 2008b ). In terms of brain volume changes following prenatal influenza exposure, the monkey may more closely model schizophrenia-a recent study reported that rhesus monkeys exposed to maternal influenza infection during pregnancy show significant loss of cortical gray matter, particularly in medial prefrontal areas, as well as reduced white matter volume and slightly (though not significantly) enlarged lateral ventricles (Short et al. 2010) . Cognitive functioning was not measured in these animals, but monkeys exposed to prenatal influenza engaged in behaviors that may indicate a heightened state of anxietythey spent less time in contact with their mothers, developed autonomy earlier than control monkeys, and showed an increased likelihood to vocalize. Importantly, this study confirmed the absence of virus-specific antibodies in the fetal compartment, precluding a primary response to the virus in the offspring. Additionally, maternal infection did not affect gestation length, birth weight, and major motor abilities. Basal and stressed cortisol levels were also normal, as was dexamethasone suppression of cortisol, at an age (1.5 years) that is roughly equivalent to late childhood in humans. These findings indicated that the stress axis, including glucocorticoid negative feedback, was not disrupted by prenatal influenza infection in monkeys and are therefore unlikely to account for the observed brain atrophy.
Polyriboinosinic-polyribocytidilic acid
Polyriboinosinic-polyribocytidilic acid (poly I:C) is a viral mimic agent that is structurally similar to double-stranded RNA. It interacts with toll-like receptor3, which is expressed by lymphocytes and other immune system cells, to induce a strong immune response. Similar to other immunogenic agents discussed in this review, prenatal administration of poly I:C to pregnant rodents can result in an elevation of cytokines in fetal brain tissue (Meyer et al. 2005 (Meyer et al. , 2006b . One advantage of using poly I:C in a prenatal paradigm is that the immune response it generates is non-specific-that is, it stimulates production of inflammatory cytokines but not specific anti-viral antibodies. Another advantage is that its effects are limited to approximately 48 h, so administration can be designed to target a specific window of fetal brain development. The profile of maternal and fetal cytokines that are activated in response to prenatal poly I:C exposure depends on the gestational age at which it is delivered, as does the resulting phenotype of the offspring (Meyer et al. 2006b ). Although it is beyond the scope of this review to treat exhaustively the differences in the neurobehavioral profile resulting from early versus late gestational administration of poly I:C, this topic has been discussed in detail elsewhere, and we refer the reader to those reviews ). Prenatal poly I:C administration has been employed in both rats and mice where it results in significant maternal weight loss and sickness behavior; in mice, fully half the litters are aborted, and the remaining litters are approximately 50% the size of control litters (Ozawa et al. 2006 ). Many of the disrupted behavioral and neurochemical phenotypes observed in offspring born to mothers exposed to poly I:C during pregnancy (described below) are caused by prenatal factors and not exclusively by changes postnatal maternal care-adoption of pups exposed to poly I:C in utero by control mothers does not rescue the phenotype of these animals, although, interestingly, adoption of a control pup by an immune-challenged surrogate mother is sufficient to induce the phenotype (Meyer et al. 2006c (Meyer et al. , 2008c . Finally, aberrant phenotypes do not emerge when the anti-inflammatory cytokine IL-10 is co-administered with prenatal poly I:C, providing further support for the idea that neurobehavioral alteration in offspring of immune-challenged mothers is due to the stimulated release of pro-inflammatory cytokines rather than some other mechanism (Meyer et al. 2008b) . Interestingly, other studies have revealed that poly I:C administration may increase maternal production of the pro-inflammatory cytokine, IL-6, which can cross the placental barrier and disrupt cortical development (Dahlgren et al. 2006; Gilmore et al. 2004) . Since blockade of IL-6 mechanisms, either by administration of a monoclonal antibody or using IL-6 knockout mice, prevents poly I:C-induced behavioral changes Smith et al. 2007 ), IL-6 maybe a regulator of viral infection-mediated changes in brain development underlying some facets of the psychotic illness phenotype.
Poly I:C administration to pregnant mice and rats generates offspring that show impaired PPI and enhanced psychostimulant (amphetamine and MK-801)-induced hyperactivity; these phenotypes are evident only in adult animals; most studies find there is no difference between exposed and unexposed groups prior to puberty (Li et al. 2009; Meyer et al. 2005 Meyer et al. , 2008c Ozawa et al. 2006; Shi et al. 2003; Vuillermot et al. 2010; Wolff and Bilkey 2008; Zuckerman et al. 2003) . Latent inhibition (LI) appears to be completely abolished in adult poly I:C-treated rats and mice, but is intact prior to puberty (Meyer et al. 2005 (Meyer et al. , 2006a Zuckerman et al. 2003; Zuckerman and Weiner 2005) . Consistent with the interpretation of these behavioral abnormalities as reflective of a hyperdopaminergic state, prenatal poly I:C results in increased dopamine turnover and decreased binding of D2-like (but not D1-like) receptors in the striatum of adult, but not prepubertal mice (Ozawa et al. 2006) . Additional evidence of enhanced dopamine metabolism following prenatal poly I:C exposure has been found by Meyer's group in the nucleus accumbens, striatum, and prefrontal cortex (Meyer et al. 2008d; Vuillermot et al. 2010; Winter et al. 2009 ), including a postpubertal onset of increased dopamine receptor expression in both dorsal and ventral striatal regions (Vuillermot et al. 2010 ). Perhaps as a compensatory measure, expression of D1 and D2 receptors is reduced in the medial prefrontal cortex following prenatal poly I:C treatment; interestingly, this effect is only evident in male offspring (Meyer et al. 2008c, d) . It is clear that the altered neurochemical profile of adult animals exposed to prenatal poly I:C has its origins in fetal development-the increased number of midbrain dopaminergic neurons found in adult animals is already present by late gestation in these animals (Meyer et al. 2008a; Vuillermot et al. 2010) . A causal relationship between a subcortical hyperdopaminergic state and impaired PPI in this paradigm is suggested by the finding that pre-testing administration of either a selective D1 or D2 receptor antagonist normalizes PPI of adult animals prenatally exposed to poly I:C (Vuillermot et al. 2010 ). Further support is lent by the finding that treatment with antipsychotic drugs during the periadolescent time period prevents the development of abnormal LI, PPI, and psychostimulant-induced hyperlocomotion phenotypes in animals prenatally exposed to poly I:C (Meyer et al. 2008e ).
The behavioral deficits in PPI and LI, combined with the evidence of subcortical hyperdopaminergia, strongly suggest that prenatal poly I:C exposure provides a good model for psychosis. One caveat regarding the interpretation of these studies comes from a recent study, which found that only offspring of mothers who lost weight as a consequence of poly I:C treatment showed hyperlocomotion in response to amphetamine and MK-801; offspring of mothers who did not experience weight loss did not show enhanced sensitivity to psychostimulants (Bronson et al. 2009 ). This could indicate that cytokine production was stimulated in the former group of animals and not in the latter; but, since all pregnant mothers were administered the same dose of poly I:C, it could instead suggest that malnutrition rather than cytokine production is the mechanism underlying these phenotypes. Further research is required to distinguish between these possibilities.
Cognitive deficits have also been reported following prenatal exposure to poly I:C in rodents. Impaired novel object recognition is evident in adult (but not prepubertal) exposed mice; this deficit can be mitigated by treatment with clozapine but not haloperidol (Ozawa et al. 2006) . Spatial working memory and learning of a two-way active avoidance paradigm are also impaired, whereas spatial discrimination reversal learning in an operant task is enhanced, in mice exposed to prenatal poly I:C (Bitanihirwe et al. 2010; Meyer et al. 2005 Meyer et al. , 2008d Vuillermot et al. 2010) . Spatial reversal learning is not universally enhanced by prenatal exposure to poly I:C in mice, however; in a subsequent study, this group found impaired reversal learning (i.e., enhanced perseverative behavior) using left-right discrimination in a water version of the T maze (Meyer et al. 2006b ). The former study administered poly I:C early in gestation, whereas the latter administered it late, which could account for the difference; in both cases, initial learning of the task was not disrupted. Interestingly, a recent study reported that expression of the cytoplasmic serine-threonine protein kinase AKT1, polymorphisms in which have been associated with schizophrenia (e.g., Karege et al. 2010) , is both reduced in the prefrontal cortex of mice prenatally exposed to poly I: C and correlated with their cognitive impairments on a spatial working memory task (Bitanihirwe et al. 2010) . In rats, prenatal exposure to poly I:C disrupts some aspects of cognition including rapid reversal learning, which like the deficit in LI, may be alleviated by treatment with the antipsychotic clozapine (Zuckerman and Weiner 2005) . However, prenatal poly I:C does not result in a generalized learning deficit in rats, as this same study found no effect of exposure on learning in classical fear conditioning, active avoidance, discrimination learning, and spatial cognition (Morris water maze) paradigms (Zuckerman and Weiner 2005) . Combined, the deficits in LI and reversal learning suggest that the cognitive profile resulting from prenatal poly I:C exposure in rats is one of excessive cognitive switching.
There has been considerably less exploration of the link between prenatal poly I:C exposure and behavioral phenotypes relevant to major affective disorders.
Although not all studies report this effect (Ozawa et al. 2006 ), mice exposed to poly I:C in utero have been shown to spend less time in the center of an open field box compared with unexposed mice; in the absence of any difference in overall locomotor activity, this suggests increased anxiety (Meyer et al. 2005 (Meyer et al. , 2006b . Animals exposed to poly I:C during gestation have not been evaluated using classic rodent tests of depressive-like behavior (i.e., the forced swim test and sucrose preference test); however, it is interesting to note that treatment with the antidepressant fluoxetine during the periadolescent time period is capable of preventing the development of PPI deficits and psychostimulant-induced hyperlocomotion in these animals (Meyer et al. 2008e) .
Neuroanatomical and neurochemical development are both also significantly altered by prenatal exposure to poly I:C. Similar to what is observed in schizophrenia, the lateral ventricles are enlarged in adult animals prenatally exposed to poly I:C, although unlike in schizophrenia, there do not appear to be changes in overall white or gray matter volumes (Li et al. 2009 ). Alterations within the white matter have, however, been reported; there is evidence for reduced MBP expression and reduced myelination in the hippocampus of juvenile mice exposed to poly I:C in utero, although somewhat paradoxically, these abnormalities appear to resolve by adulthood (Makinodan et al. 2008) . Consistent with a schizophrenia-like phenotype, there is no evidence for reactive gliosis resulting from prenatal poly I: C treatment; at least, in the hippocampus, the number of astrocytes is unchanged following prenatal poly I:C exposure (Meyer et al. 2006b ). In rats, there is evidence of increased pyknotic cells in the medial temporal lobe, particularly CA1 (Zuckerman et al. 2003) ; but, in mice, this was not observed. The total number of glial and pyknotic cells in the hippocampal subfields and dentate gyrus, as well as hippocampal volume, have all been found to be normal in adult mice exposed to poly I:C in utero (Nyffeler et al. 2006) . Prenatal administration of poly I:C, like prenatal LPS administration, does result in a reduction in the postnatal survival of newly born neurons in the dentate gyrus of the hippocampus, which appears to be due to increased apoptosis (Meyer et al. 2006b ). Interestingly, adult treatment with the antipsychotic clozapine rescues the deficit in hippocampal-dependent spatial working memory without bringing hippocampal neurogenesis to normal levels , indicating that the behavioral deficit may be due to other pathological features of the hippocampus in poly I:C-exposed animals. Similar to what is observed following prenatal influenza exposure, prenatal exposure to poly I:C leads to a significant reduction in Reelin-expressing cells in both the hippocampus and prefrontal cortex (Meyer et al. 2008d ); interestingly, this abnormality is observed in pre-pubertal animals and thus emerges prior to behavioral deficits (Meyer et al. 2006b ). Additionally, although overall levels of both glutamate and GABA are normal in multiple brain regions following prenatal exposure to poly I:C (Winter et al. 2009 ), parvalbumin-expressing inhibitory interneurons are significantly reduced in both the hippocampus and prefrontal cortex (Meyer et al. 2008d ); this latter finding has been repeatedly observed in schizophrenia (e.g., Akbarian et al. 1995; Guidotti et al. 2000; Hashimoto et al. 2008) . Perhaps in order to compensate for the loss of inhibitory input provided by these cells, there is increased expression of the alpha2 subunit of GABA A receptors in the hippocampus and basolateral amygdala of adult offspring prenatally exposed to poly I:C compared with control mice (Nyffeler et al. 2006) . Finally, expression of the NR1 subunit of the NMDA-type glutamate receptor is reduced in the hippocampus of animals prenatally exposed to poly I:C, although expression is normal in the prefrontal cortex of these animals (Meyer et al. 2008d ), a region that does experience loss of NR1 expression in schizophrenia (Beneyto and Meador-Woodruff 2008) . Collectively, these findings indicate that maternal immune activation in the absence of a specific viral pathogen is capable of altering numerous neuronal phenotypes across the postnatal developmental timeframe and continuing into adulthood, pro-viding further support for the cytokine hypothesis of mental illness.
Maternal psychological stress exposure
Recent epidemiological studies have revealed contributions of the prenatal environment to later life psychopathology, including psychotic disorders, depression, and anxiety (Bresnahan et al. 2005; Brown 2002; Field and Diego 2008; Rice et al. 2007 Rice et al. , 2010 . With regard to schizophrenia, these investigations related maternal psychological distress, including bereavement, unwantedness of a pregnancy, natural disaster, or war to an increased risk that vulnerable offspring will develop schizophrenia later in life (Brown 2002; Spauwen et al. 2004; Sullivan 2005) . These studies, like those looking at prenatal viral infections, indicate a period of vulnerability in the first and second trimesters of pregnancy. Unfortunately, the literature to support a strong link between prenatal stress and depression or anxiety in humans is not as well developed as in the schizophrenia field. Nonetheless, several studies do suggest that exposure to gestational stress can indeed increase the risk of later life depression and anxiety-related disorders (Brown et al. 2000; Torrey et al. 1996; Watson et al. 1999) . Several outstanding recent reviews have been written about many of the effects of prenatal stress on activity of the HPA axis and behavioral phenotypes associated with this early-life manipulation, and readers are directed to these reviews for a more historical perspective on this field (Koenig 2006; Owen et al. 2005; Weinstock 2005 Weinstock , 2008 . In this section, emphasis will be given to recent preclinical work that has been done using prenatal stress to elicit phenotypes related to psychotic and depressive illnesses.
In contrast to the limited support for the role of prenatal stress in the etiology of depression and anxiety in humans, there is a robust preclinical literature that reveals the importance of the prenatal period in the development of anxiety-and depression-related behaviors in experimental animal preparations. Numerous studies show that prenatal stress reprograms the HPA axis and induces either increased basal secretion or enhanced stress-related secretion of glucocorticoid hormones (for review, see Owen et al. 2005; Weinstock 2005 Weinstock , 2008 , and this reprogramming of the HPA axis appears to be due, in part, to a reduction in the activity of the protective 11-beta-hydroxysteroid dehydrogenase resident in the placenta, which protects the fetus from maternal glucocorticoids (Welberg et al. 2000 (Welberg et al. , 2005 . This enhancement of HPA axis activity appears to involve inefficient glucocorticoid negative feedback due to the diminished expression of receptors for the glucocorticoids in the hippocampus. However, augmentation of corticotropinreleasing hormone (CRH) expression may also be involved, as increased expression of CRH in the amygdala, which is one of the primary initiators of anxiogenic behaviors in the brain, has also been reported (Brunton and Russell 2010; Cratty et al. 1995; Mueller and Bale 2008) . Thus, many preclinical studies of prenatal stress focus on anxiogenic phenotypes. The most commonly used behavioral endpoint for anxiety in animal studies is reduced time spent in the open arms of the elevated plus maze, which has predictive validity for anxiolytic compounds. The ability of prenatal stress to decrease time spent in the open arms of the elevated plus maze was among the first behavioral deficits to be associated with prenatal stress exposure (Fride and Weinstock 1988; Poltyrev et al. 1996) . In this assay, the majority of studies find a diminution in time spent in the open arms of the elevated plus maze, especially in male rats (Brunton and Russell 2010; Chung et al. 2005; Szymanska et al. 2009; Walf and Frye 2007; Weinstock 2008; Zuena et al. 2008) as well as mice (Oliver and Davies 2009) , but other studies have failed to find a similar enhancement of anxiety-related behavior (Bogoch et al. 2007; Estanislau and Morato 2005; Gotz and Stefanski 2007; Richardson et al. 2006; Zagron and Weinstock 2006) . In female rats, the stage of the estrus cycle may influence behavioral responses to anxiogenic stimuli, and prenatally stressed female rats in behavioral estrus actually spend more time in the open arms of the EPM suggesting lower levels of anxiety (Walf and Frye 2007; Zuena et al. 2008) , although others have reported that female rats develop anxious behaviors in response to prenatal stressors like males (Brunton and Russell 2010) . In other tests of anxiogenic behaviors such as the light-dark emergence test or the defensive burying test, minimal anxiogenic behaviors were observed in male rats (Lee et al. 2007; Richardson et al. 2006 ), but stronger effects were observed in females (Richardson et al. 2006) , which may be related to decreased hippocampal neurogenesis (Mandyam et al. 2008) . Interestingly, one of the most widely used depression-related endpoints in rodents is the forced swim test, and this test has only been used in a limited number of studies of prenatal stress. Prenatal stress exposure interestingly appears to have little effect on immobility in the forced swim test of male rats and mice in most cases (Alonso et al. 1991; Oliver and Davies 2009; Van den Hove et al. 2005 , 2006 , while increased immobility time has been reported in females (Alonso et al. 1991) . In several recent reports, Szymanska and colleagues found an increase in immobility time in male rats, while Mueller and Bale reported enhanced immobility in both the forced swim test and the tail suspension test in prenatally stressed male mice that did not occur in female mice (Mueller and Bale 2008; Szymanska et al. 2009 ). Obviously additional studies are needed to clarify the effect of prenatal stress on depressive behaviors, in general and across genders more specifically. One potential explanation for the array of anxiety-and depressionrelated findings following prenatal stress, aside from the usual strain and paradigm differences, may not only be within-group individual animal variability of anxious phenotypes, as suggested in the recent findings (Bosch et al. 2006; Clinton et al. 2008 ), but also changes in epigenetic mechanisms that control expression of genes associated with HPA axis activity and the serotonergic system in the brain (Mueller and Bale 2008) .
Cognitive impairments are important features of both mood disorders and psychotic illnesses and there has been much interest in exploring these phenotypes in animals following exposure to gestational stress. Lemaire and colleagues reported in 2000 that rats exposed to a prenatal restraint stress regimen during the final week of pregnancy, showed reduced spatial memory in the Morris water maze as adults (Lemaire et al. 2000) . Subsequent studies have confirmed the impaired spatial memory in the Morris water maze although the effects appear to be modest Son et al. 2006; Yaka al. 2007; Yang et al. 2006) . Spatial memory has also been examined using the radial arm maze but prenatal restraint stress did not appear to have significant effects in this test or in the object recognition task (Bowman et al. 2004) , although studies performed in our laboratory indicate that spatial working memory deficits as well as a compromised ability to perform the novel object recognition task can be induced by exposure of pregnant rats to a variable stress procedure (Markham et al. 2010) . Furthermore, Mueller and Bale (2007) examined learning and memory using the Barnes maze in mice following a variable prenatal stress exposure (Mueller and Bale 2007) . Male mice exposed to the prenatal manipulation early in gestation but not later, had reduced performance on this task while female mice showed improved memory. Prenatal stress also appears to disrupt performance in delayed and spontaneous alternation tasks Meunier et al. 2004 ). However, the deficits reported were typically assessed in rats prior to puberty when the animals are more active, and this may be an important facet of the behavioral testing procedure to consider in planning future cognition-related experiments. Many of the memory tasks used interrogate hippocampaldependent memory and electrophysiological studies have reported that prenatal stress induces a diminution in hippocampal long-term potentiation (LTP) and an enhancement of long-term depression (Son et al. 2006; Yaka et al. 2007; Yang et al. 2006) . LTP is dependent on NMDA receptor activity, and expression and activation of NMDA receptors are altered by prenatal stress (Fumagalli et al. 2009; Jia et al. 2010; Kinnunen et al. 2003; Son et al. 2006; Yaka et al. 2007 ). Hypofunctionality of the glutamate system appears to be an underlying feature of schizophrenia (Javitt 2007) , and the diminished expression and activation of NMDA receptors may be a reflection of a similar molecular pathology in prenatally stress rat preparations. Additionally, NMDA receptors are known to reside on dendritic spines of hippocampal pyramidal neurons, and several studies have reported that prenatal exposure to stress decreases dendritic spine density in the hippocampus and cortex of male and female rat pups (Fujioka et al. 2006; Jia et al. 2010; Murmu et al. 2006) , although similar effects have not been found in the prefrontal cortex (Michelsen et al. 2007 ). Compromised cognitive function could also be related to the replenishment of new neurons in the hippocampus, and, indeed, reduced hippocampal neurogenesis following prenatal stress was originally reported by Lemaire and colleagues in 2000, and this finding has been confirmed by a number of other investigators (Van den Hove et al. 2005 Hove et al. , 2006 Yaka et al. 2007; Yang et al. 2006; Zuena et al. 2008) . One factor that can contribute to the birth and survival of neurons is brain-derived neurotrophic factor (BDNF). In the hippocampus taken from prenatally stressed rats, levels of BDNF have been reported to be decreased (Neeley et al. 2010 ; Van den Hove et al. 2005 , 2006 or increased (Zuena et al. 2008) . Together, these studies suggest that hippocampal-dependent memory is compromised by exposure to stress during gestation and that change in either hippocampal cell morphology or number may contribute to the deficits that have been reported. An extensive interrogation of prefrontal cortexdependent memory function following prenatal stress exposure has not been undertaken, but data from our laboratory suggest that prefrontal cortex function may also be compromised by prenatal stress exposure (Markham et al. 2010) . Given the importance of changes in executive functioning in neuropsychiatric disorder, additional studies to address the function of additional higher-order brain regions following prenatal stress are needed.
In contrast to the abundant preclinical literature on the effects of prenatal stress on anxiety-and depression-related behavioral assays, there is only a limited number of studies attempting to address endpoints related to psychotic features of schizophrenia. This may be due to the difficulty in establishing animal models for psychotic disorders. However, it is clear that psychosis involves over-activation of the subcortical dopamine system (Abi-Dargham et al. 2000 Laruelle et al. 1999) . Studies have demonstrated that prenatal stress exposure in rats does, indeed, lead to enhancement of the subcortical dopamine system that can be observed by directly measuring dopamine turnover or output (Alonso et al. 1994; Fride and Weinstock 1988; Silvagni et al. 2008) . The increase in dopaminergic activity may be the consequence of complex changes in the ventral tegmental area dopamine-producing cells following prenatal stress (Katunar et al. 2010) . Behavioral assays of locomotor activity under either baseline conditions or following psychostimulant treatment can be used to infer subcortical dopamine activity, and there appears to be good agreement about enhanced responsiveness of the subcortical dopamine system involved in regulating locomotor activity (Henry et al. 1995; Koenig et al. 2005) . However, this subcortical enhancement of dopamine release is not generalizable to the prefrontal cortex, where prenatal stress induces a diminished dopamine response to amphetamine challenge suggestive of a hypodopaminergic state in the cortex (Carboni et al. 2010) . This pattern of dopamine activity (increased subcortical and decreased prefrontal cortex) following prenatal stress is consistent with current theories of the dopamine system in schizophrenia. Another behavioral endpoint associated closely with schizophrenia is PPI. PPI deficits are commonly seen in patients with schizophrenia and reflect fundamental changes in the information processing system of the brain (Green et al. 2009 ). Experimental animals exposed to a variable stress paradigm during the last week of pregnancy show prominent deficits in PPI without changes in acoustic startle responses (Hougaard et al. 2005; Koenig et al. 2005) . Interestingly, employing prenatal stress paradigms where the pregnant rats can habituate to the stress, i.e., repeated exposures to the same stress, failed to produce deficits in PPI (Burton et al. 2006; Lehmann et al. 2000) suggesting that not all prenatal stress paradigms produce the same behavioral phenotypes-a situation that is probably further complicated by the use of different strains and species of experimental animals. In addition to sensorimotor gating deficits revealed by PPI testing, electrophysiological techniques designed to mimic P50 event-related potential testing in humans (Potter et al. 2006) have shown that hippocampal gating responses to auditory stimuli are compromised in animals following prenatal stress exposure . Interestingly, the importance of gene by environment interactions has been recognized in schizophrenia research as underlying a sizable portion of the risk for developing the illness (European Network of Schizophrenia Networks for the Study of Gene-Environment Interactions 2008; van Os et al. 2008 ). Oliver and Davies (2009) provide the first experimental evidence for a gene by environment interaction related to PPI. Exposure of SNAP-25 knockout mice to a variable prenatal stress procedure leads to PPI deficits that are not observed with either manipulation alone. This seminal observation confirms the importance of neurodevelopmental interactions between genetic factors and environmental stimuli in generating phenotypes related to schizophrenia.
The negative symptom domain of the schizophrenia, including the social withdrawal manifested by many patients, is not treated well by antipsychotic medications. Rodents are highly social and recent work has devised a procedure to study social interactions in experimental animals under non-anxiogenic conditions Moy et al. 2004) . Under these conditions, prenatally stressed rats exhibit a compromised interest in engaging in normal social activities (Lee et al. 2007) , which is related to a deficit in the brain oxytocin system. Moreover, Oliver and Davies (2009) detected a social deficit in the SNAP-25 knockout mice only after the animals were exposed to the prenatal stress procedure, further indicating that the prenatal stress procedure can unmask genetic vulnerability for psychiatric illness-related phenotypes. Further studies will be required to determine whether these changes in social behaviors are more relevant to anxiety-related or schizophrenia-related outcomes, but they suggest that prenatal psychological stress paradigms have a broad use in modeling aspects of both types of neuropsychiatric disorders.
Prenatal malnutrition studies
Prospective studies about the importance of adequate prenatal nutrition on psychosis and depression have not been conducted, and the studies that have been done relied on retrospective experimental study designs. These studies have used information generated following several major famines that occurred in The Netherlands during [1944] [1945] and in China during the late 1950s. In each of these instances, there has been a reported approximate twofold increase in the risk of developing schizophrenia or depressive disorders in the affected offspring of women who were pregnant during these famines Brown et al. 1995 Brown et al. , 2000 St Clair et al. 2005; Stein et al. 2009; Xu et al. 2009 ). Although the data are not abundant, they point to the importance of prenatal nutrition in normal fetal brain development. However, it is not clear from human studies if specific components of the diet can be tied to the adverse outcomes of the offspring, but animal studies have identified several specific dietary components that contribute to the development of normal behaviors, including protein, choline, and vitamin D. Only a small number of studies have been performed in this important area, however, which makes interpreting the findings challenging. An additional caveat, of course, is that reduced maternal caloric intake during gestation not only results in potential fetal nutritional deficiencies, but also stimulates maternal glucocorticoid release and reprograms the HPA axis of the offspring (Langley-Evans et al. 1996; Lesage et al. 2001; Nunez et al. 2008) . Thus, alterations in brain biochemistry and behavior could be related to either malnutrition, exposure of the developing brain to glucocorticoids, or the combination of these mechanisms. Studies have not been done to disentangle these possibilities.
Choline is an important contributor to phospholipids and other cellular membrane components. A gestational deficiency in choline reportedly disrupts development of the hippocampus and other brain regions in rats and may be related to an overproduction of GABAergic interneurons (Glenn et al. 2007; Jones et al. 1999; Stevens et al. 2008) . This disruption in normal development may contribute to the diminished sensorimotor gating and impaired cognition that follows prenatal choline deficiency Stevens et al. 2008; Wong-Goodrich et al. 2008) . Interestingly, however, there are no changes in hippocampal alpha-7 nicotinic receptor binding following maternal dietary choline restriction (McCann et al. 2006; Stevens et al. 2008; Wong-Goodrich et al. 2008) . However, the more recent study demonstrates the complexity of the interaction between a gestational deficit in choline and the availability of choline in the adult diet, suggesting that prenatal choline availability creates susceptibilities that can be manifested in later life and may play out differently depending on the adult dietary composition. While there is a clear link between prenatal choline and adult cognitive function, the relationship between developmental choline deficiencies and other aspects of depression or psychotic illnesses have not been explored.
Maternal malnutrition is commonly induced by either restricting protein in the diet or by limiting the daily intake of calories (for example, Almeida et al. 1996a, b; Mokler et al. 2007; Palmer et al. 2004) . The majority of studies are designed to investigate the effect of limited maternal protein ingestion. In this case, juvenile offspring appear to show a decrease in anxiogenic behaviors in the elevated plus maze and also manifest a decrease in social interactions, as juveniles (Almeida et al. 1996a, b) . In the one study that has looked at elevated plus maze behavior after prenatal calorie restriction, no change in open arm time was reported, but time in the center of an open field was increased, suggesting a diminution in anxiety in response to prenatal calorie restriction (Levay et al. 2008 ). In addition, Fig. 1 This figure shows a general summary of the major diseaserelated phenotypes that can be induced by prenatal exposure to immune-related stresses, psychological stresses, or nutritional stress in rodent preparations. The diagram also indicates that, in the immune models, both cytokines and glucocorticoid hormones should be considered as the major factors that impact the developing fetal nervous system to elicit phenotypic changes in the offspring, while in the case of prenatal psychological stress models, the evidence more strongly supports an action of the glucocorticoids on the developing brain as involvement of cytokine factors is less clear in these models. In the case of nutritional models, it has yet to be determined whether either or both of these mechanisms are involved in the genesis of the developmental changes that occur following dietary manipulations prenatal protein restriction generated sex-dependent deficits in prepulse inhibition and locomotor activity that were present predominantly in female rats (Palmer et al. 2004 (Palmer et al. , 2008 . These changes in behavior appear to be related to alterations in the dopamine system, where prenatal protein restriction has been reported to disrupt normal dopaminergic tone, although the mixed directionality of the findings precludes a clear interpretation of them (Palmer et al. 2008; Vucetic et al. 2010) . Cognitive function is disrupted by prenatal calorie and protein restriction in mice with the major effect being an increase in the number of incorrect working memory errors in the radial arm maze task. Interestingly, prenatally malnourished mice consistently take longer to perform this task than the normal control animals (Ranade et al. 2008) . In the limited studies that have been performed, it would appear that prenatal malnutrition can disrupt behaviors associated with psychotic illnesses, but the effects appear to be more prominent in female than in males which do not match our current understanding of the gender bias in schizophrenia.
Vitamin D has recently become popularized in the media as an essential factor for energy and vitality. Recent studies have begun to explore the importance of this vitamin in prenatal brain development. Depletion of vitamin D from the maternal diet during gestation leads to marked potentiation of the locomotor enhancing effects of MK-801 (Kesby et al. 2006; O'Loan et al. 2007 ) and enhanced activity in the elevated plus maze but without an increase in anxiety or depression-related behaviors (Burne et al. 2004; Harms et al. 2008 ). In addition, prenatal vitamin D deficiency (VDD) is apparently not associated with alterations in HPA axis function (Eyles et al. 2006) . Prenatal VDD rats also show a deficit in latent inhibition without a change in prepulse inhibition (Becker et al. 2005) . While prenatal VDD exhibit enlarged lateral ventricles they also had enhanced hippocampal LTP without impairments in spatial learning and memory (Becker et al. 2005; Harms et al. 2008) . Clearly, additional studies are needed using this interesting model to examine other behavioral features that may be related to depression or schizophrenia, but it is clear that disrupting prenatal vitamin D intake can have significant effects on the developing fetal brain with adverse consequences later in life.
Conclusions
The prenatal period is a time when the developing brain is highly susceptible to the adverse effects of stressors of diverse modalities, including stressors related to immune activation, psychological adversity, or malnutrition, as shown in Fig. 1 . In each of these cases, the experimental evidence supports the notion that pathological changes in adult behaviors related to psychosis, cognition, and schizophrenia may arise as a result of stressful perturbations during the prenatal period. These observations complement the epidemiological literature on schizophrenia and psychosis nicely and indicate that animal preparations may be useful in the investigation of some of the fundamental origins of these illnesses, particularly in regard to the role of environmental factors in the etiopathophysiology of the illness. In contrast to psychotic disorders, there is only cursory clinical evidence pointing to a prenatal origin for anxiety or depressive illnesses, despite the preclinical animal findings that support the hypothesis that at least some features of anxiety and depressive disorders might arise following exposure to prenatal psychological insults. Schizophrenia and major depression are characterized by multiple domains of psychopathology, some of which are shared across illnesses. For example, impaired cognition and hippocampal dysfunction are prominent features of both diseases, but it is not clear if the pathology and epidemiological origins of these features are shared or distinct. This pattern of overlapping clinical phenotypes presents a challenge for modeling psychotic illnesses and major depression in animals. Figure 1 highlights some of the phenotypic similarities and differences in the prenatal developmental animal models of psychiatric illnesses. It is probable that differences in animal species and strains, as well as the timing of exposure, create some of the differences shown in this figure. A prominent question requiring further investigation is the identification of the causal agent(s) leading to each of the phenotypic domains. Some findings support a role of pro-inflammatory cytokines in the immune/infection-based models, but there are also abundant data to show that immune agents activate glucocorticoid release, at least in adult animals. On the other hand, in the prenatal models of psychiatric illness not involving maternal immune activation, evidence strongly supports a role for maternal glucocorticoids, but there are scant data to support involvement of cytokines in mediating offspring phenotypes. Thus, it is clear that the occurrence of maternal stress during fetal development creates changes in the brain and ultimately, behavior of the offspring. These changes reflect many features of psychiatric illnesses, especially those with a clear environmental component in their etiology. Understanding the pathologies that could be related to developmental alterations offers a mechanism to develop novel intervention strategies that might aid patients afflicted with psychotic and mood disorders. 
